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(54) CURRENT INJECTION DIAMOND ULTRAVIOLET UGHT EMETTING DEVICE 



(57) A current injection-type diamond ultraviolet 
light-emitting device is provided that achieves the dia- 
mond free excrton recombination radiation by forming 
electrodes on a high-quality diamond crystal and apply- 
ing a DC voltage between both electrodes to inject car- 



riers. A diamond crystal can be selected in terms of 
photoluminescent spectrum at room temperature and 
the half width of the Raman scattering peak intrinsic to 
the diamond. 
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flourescent light sources, etc.; ^re sp^Sy a SSS^on oPtical woA 

emits ultraviolet light due to excitation by the Ne4n ^ cuZ^ light-emitting device that 

using the light for optic^ reoor6im^T^^S;S^^^lnL'':^- '^^''^'^'^ '"'^^^^^ng memory dLity by 
fine processing equipment, etc. Processing, increasing packing density by using the light for semiconductor 



DESCRIPTION OF THE RELATED ART 
[0003] 



SI. t^rrsir^^^^^^^^ - — - However, tt. 

employ gases, they are ofala,gesize^;^^l;^r.^ll^^ ''"S^"^^^ '^"^^r- ^"^e the excimer laseis 
exdmer lasers employ hazardLs suliSic^^^SSerJ^d^S^^^^^^ *° *»»^- =ome 

sources causes much inconvenience. ^'^^i- ^ clescnbed above, the use of conventional ultraviolet light 

Sght;:rg:^:rfas^^^^ 

[COOS] Conventional diamond iX^WiS Silt^^L^ ^^l!!]'^ ^'^^V 
Laid-open No. 4-240784. (27Za^!^SZ^lSt^?!^"T' r*^'"' ^'^^"-^ Application 
Laid-open No. 8-330624. etc ApplK^bon Uid-open No. 7-307487. (3) Japanese Patent Application 

.n the impurities and lattice defects are Z^i^rt ^ Sor^frJo. ! ^ originating 
length that is intrinsic to the diamond anT^^^onlv wSpn^h! '"T '^^'^^ ^diation of a short wave 
not dominant. For example, in the en^l^Tr^l^2^^f"r^^ '"T*^ ^"^ ^""^ sufficiently reduced is 

peak Of the 238 nm wavelength is d^^^^^^^l^:^ f^ent Application Laid-open No. 7-307487. a 
ation of an exciton bounded at boron heo^onol^l *^ determined to be a recombination radi- 

ting devices bear problemt^^^'SlJSS fe. '"^"^ '*3M-eS- 

Se^rn^c^STgr.:^^^ 

of a shorter wavelength (wavelenoih of 23S nmonf^, dominant and the tree exciton recombination radiation 
practical point of vieij cann« eS siffSm eSfn nf """^ advantageous in a 

light-emitting device. ^ '"'^^"^y- ^^^^^re it is impractical to use it as an actual 

SLrn^in^^Z^sr.^^^^^^^ 

confrol of the conductivity of the crystal. Cor;Su«Sy1S,S ^ h« k ^"^"^ ""'^ '^"^ °^ 

allowable maximum amount of a Z^l^^Ti^Tr^ ^^V^TJ"^'"^ ««'s«ence of the 

exdlon recombination radiation effSr «>nduct.vrty of the diamond that does not hinder the free 

initirnr-c^^r^^^^^^ 

poorly investigated and optimization crJ^S^ tS^,S?^T °* ^e^ 

topic composition ratio of tf,e diamond ha^ S bS tS ^ °^ "^"^"^ °" ^o- 

SUMMARY OF THE INVEfylTION 

fSn cu^emtei' dTaiSS*u^^S'SSn°d*" '"h^ aboveK^escribed problems and pro^de an 
intrinsic to the diamond and havinrSerl^S^fe'd^S" recombination radiation 
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DESCRIPTION OF THE INVENTION 

[0008] With an aim to achieve the above-described object, the diamond light-emitting device according to the 
present invention is a diamond ultraviolet light-emitting device comprising a luminescent layer conposed of a diamond 

5 capable of emitting light at a given wavelength due to excitation by the injection of current, characterized in that the dia- 
mond light-emitting device has a luminescent layer comprising a diamond in which occurs an emission such that free 
excitation recombination radiation due to excitation by the injection of current is dominant. Here, a diamond in which 
occurs an emission such that the free excitc»i recombination radiation by the injection of current is dominant means a 
high-quality diamorKt with few impurities and few lattice defects except dopants. Further, an emission such that the free 

10 exciton recombination radiation is dominant means emission whose emission intensity originating in the free exciton 
recombination is at least twice as large as the emission intensity originating in the impurities. 

[0009] Preferably, such a diamond comprises a diamond crystal fabricated by the high-temperature and high-pres- 
sure method using a flux with an impurity getter added in. Here, the atxive-described impurity getter *s preferably a 
nitrogen getter. The reason for this is that nitrogen in the diamond, in addition to the lattice defects, adversely affects 
IS the free exciton recombination radiation in particular. Therefore, it is desirable that the amount of nitrogen contained in 
the diamond crystal is controlled to be no more than 10 ppm by means of the nitrogen getter. 

[0010] Preferat^y, the above-described diamond is such that the ratio of the peak intensity of the free exciton 
recombination radiation to that of the visible emission in its photoluminescent spectrum at room temperature is larger 
than 0.1 or such that the full width at half maximum of its Raman scattering peak intrinsic to the diamond is no more 
20 than 1 .9 cm"'' . The reason of this condition is to prevent impurities and lattice defects from being included in the crystal, 
because they (-impurities and lattice defects) create the other emission peaks and at the same time scatter the free 
exciton, hence reduce its recombination radiation intensity. 

[001 1 ] Preferably, the above-described diamond is a p-type semiconductor containing boron, and further preferably. 

the boron content is no more than 40 ppm as measured through the infrared spectroscopy, and furthermore preferably, 
25 the txjron content is no more than 2 x 10^^ atoms/cm^ as measured through the SIMS(Secondary Ion Mass Spectros- 
copy) method. The reason of this condition is that such a range is considered to be a desirable upper limit for the con- 
centration of boron in terms of increasing the conductivity and at the same time suppressing the tx)ron-originated 
emission intensity. 

[0012] Preferably, the above-described diamond has a given carbon isotope composition ratio that enables the 
30 emission at the above-described given wavelength, for example, the ratio ^^C: ^^C is in the range from 1 :99 to 99:1. To 
describe this effect specifically, when the purity of ''^C Isotope is 99%, the peak wavelength of the emission can be 
shifted to a shorter wavelength by approximately 1 nm compared to a case where the purity of ''^G isotope is 1%. There- 
fore, the above-described diamond has wavelength tunability in accordance with the carbon isotope composition ratio. 
[0013] Preferably, the above-described diamond is a diamond crystal having the {100} growth sector. The reason 
35 of this condition is that the {1 00} growth sector has lower concentrations of the impurities and lattice defects compared 
to those grown on other growth sectors and high-quality. 

[001 4] Preferably, the atx)ve-described diamond is a diamond crystal such that an electric conductor layer is formed 
on Its surface, and more preferably, such that the aforesaid electric conductor layer is a diamorxj crystal formed by sur- 
face hydrogen-termination treatment. The reason of this condition is that thereby the conductivity of the diamond crystal 
40 is improved. 

[0015] Therefore, in the following description, "high-quality" means to fulfil at least one item of six items below. (l) 
The impurities and lattice defects are small in numtier except dopant(s) and there occurs an emission in which the free 
exciton recombination radiation is dominant. (2) Preferably, the nitrogen content In the diamond crystal is no more than 
10 ppm, which is achieved through the fabrication by the high-temperature and high-pressure method with the use of a 

45 flux with an impurity getter (for example, a nitrogen getter) added in. (3) Selection of diamonds is performed in consid- 
eration of a condition that the ratio of the peak intensity of the free exciton recombination radiation to that of the visible 
emission in its photoluminescence spectrum at room temperature is larger than 0.1 or a condition that the full width at 
half meuimum of the Raman scattering intrinsic to the diamond is no more than 1 .9 cm'**. (4) The diamond is a p type 
semiconductor containing boron, and preferably, the boron content is no more than 40 ppm as measured through the 

50 infrared spectroscopy, and further preferably no more than 2x10^^ atoms/cm^ as measured through the SIMS method. 
(5) Regarding the growth sector dependence, preferably the diamond is grown on the {100} growth sector. (6) An elec- 
tric conductor layer is provided on the surface of the diamond crystal as an electric conductive mechanism so that 
dopant can be dispensed with (for example, the hydrogen-termination treatment of the surfeice of the diamond crystal). 

55 
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BRIEF DESCRIPTION OF THE DRAWING 
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•«»««ng 10 «e present i™«lo„, »?„ ng™ 

VB-VBolRg.5A; '*™"*™ 5B IS lis CTOss-seclional view uken along line 

Fig. 7 is a graph showing ihe oirrerrt NaaiSTJT^^ according to the present invention; and 

« typediamond m-enJng<ZTa^^:ZT^"^n^^^ exampleof «,e current injectlon- 

hydrogen-terminated surface conductor layer °" "^^ crystal having a 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(Free exciton recombination radiation) 

Kalenc^r ranX-re^i^rn SLr^^eTeltr :SnSS" ^ ^ ™ 

ing concentration of the impurities a«fd^^^fte "r„^^^^^^ '^^"^ '"'P""^^^ ^'^ defects, and with increas- 
the impurities and defecteTmer^ tS^ ^'"^ "^^"^"^ ""^'^^^ ^ emissions originating^ 

fSf^^tsTra^o'^g^vri^^^^^^^ 

Sectsr^^rsxi^^r^^^^^^^^ 

this .ntroducton deteriorates the crystal quality henSTe^udno ZulS T^* "y^*^'- 
SK)n peak that was induced by the inlroducSon^of fte fmS^"^!^^!^ !* '"*^'*">'- emis- 

obiective emission. This emiiion peak dfeS^eT^rt ^"^^ ^ ^^^^^'^ wavelength from that of the 

useful uK^viole. emission. Also in eSsSS^SlT^^ ^ *^ ^""^-^ « 

diamond ultraviolet light-emitting device. ^*'®'"'^""««*«^9eous1br the emission mechanism of the 

i'Sc emS'^lt' S"r^^Tet^3st^^^^ '-'^^ ^""'cient intensities among 

I J^-emining device employing this mechti'^S^L^TJI^^^^^^^^^^ ''^'^ ^ ""^vio.^ 

(CD iectr2S,^yTe^SiTarfeSS^^^^^^^ ^^^n"^^ - *e ca^odolu^nescerxe 

sw icg; or me diamond at room temperature is approximately 5.47 eV 
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(wavelength of 227 nm) and the bound energy of a free exciton is approximately 80 meV. and therefore pure free exciton 
recombination radiation emerges at Eg-Eb=5.39 eV (230 nm). However, a band structure of the diamond is of an indi- 
rect transition type, and therefore a group of phonon side bands associated with various phonon creation are mainly 
observed. Among these emissions, one that has an especially strong intensity and suitable for ultraviolet light-emitting 

5 device application is an emission associated with one or more TO (transverse optical) phonon creation, whose emission 
energy at room temperature resides in the vicinity of 5.28 eV(235 nm), 5.12 eV(242 nm). 4.98 eV(249 nm), and 4.82 
eV(257 nm). These plural phonon side bands are overlapped to form a luminescent band, which is observed apparently. 
Generally, these phonon side bands including all these emissions are called "free exciton recombination radiation." An 
emission that is suitable ultraviolet light-emitting device is an emission acconpanied with one TO phonon. having an 

w energy In the vicinity of 5.28 eV (235 nm) and this emission is referred to as "free exciton recombination radiation" in 
this description. 

[0026] However, the free exciton recombination radiation is inhibited from occurring even by the existence of a small 
amount of crystal defects. Further, the emission intensity decreases rapidly with increasing temperature, and therefore 
this mechanism has not long been used as a principal emission mechanism for practical ultraviolet light-emitting 
IS devices. 

[0027] In the present invention, found is a fact that, in a high-quality diamond crystal whose concentration of the 
impurities and defects are sufficiently low, a dominant free exciton recombination radiation can be obtained by the injec- 
tion of current at room temperature without supplying high energy such as an electron beam and that this fact is suc- 
cessfully employed as an emission mechanism for an ultraviolet light-emitting device. 
20 [0028] An impurity and defect that adversely affect free exciton recombination radiation are impurity nitrogen and 
lattice defect by nitrogen. Nitrogen forms a deep donor level in the diamond crystal and induces other luminescent 
bands, which absorb the ultraviolet light with a wavelength of 300 nm or less. Further, nitrogen creates a large amount 
of lattice defects and dislocations in the diamond crystal which deteriorate its crystalllnity considerably. Regarding nitro- 
gen in the diamond crystal, its amount can be determined through the infrared absorption spectroscopy and EPR (elec- 
ts tron paramagnetic resonance) and its effect on the crystalllnity can be evaluated through Raman scattering 
spectroscopy. Further, its effect on the emission can be evaluated by photoluminescence. 

[0029] In the present invention of the diamond current injection-type ultraviolet light-emitting device, it was found 
that, among impurities, the concentration of nitrogen In the luminescent layer particularly relates to the free exciton 
recombination radiation. 

30 [0030] A lattice defect creates a deep level in a band gap, which generates other emission peak arxj at the same 
time scatters free excitons to reduce its recombination radiation intensity. It is difficult to evaluate it quantitatively, but Its 
effect on the emission can be figured out through Raman scattering spectroscopy and photoluminescence. 

(Concentration of nitrogen ) 

35 

[0031] In the present circumstances, a diamond crystal fabricated by the high-temperature and high-pressure 
method using a flux with a nitrogen getter added in is most suitable for the current injection-type diamond ultraviolet 
light-emitting device compared to the natural diamond crystals and diamonds In a film or particle shape grown by chem- 
ical vapor deposition (CVD) method. 

40 [0032] The high-temperature and high-pressure method stated here is the so-called temperature gradient method, 
a diamond fabrication method where raw material carbon Is dissolved in a flux metal in such a temperature-pressure 
region that the diamond can stably exist and made to precipitate on a seed crystal (a diamond microcrystai). The dia- 
mond fabrication method with the use of the temperature gradient method is disclosed In. for example, Japanese Patent 
Application Laid-open Nos. 4-108532 and 5-200271. 

45 [0033] As a metal that is used for the above-described flux (hereinafter referred to as "flux metaP), a material that 
can dissolve carbon sufficiently and also can function as a catalyst for promoting crystal growth of the diamond is 
employed. Presenting a concrete description of the flux metal, as described In literatures (for example, Kanda et al., 
Journal of Chemical Sodety of Japan. Vol.9, pp.1349-1355(1981)). the flux metals are specified to be Fe. Co, Nl, these 
alloys, etc. 

so [0034] The nitrogen getter denotes an element that has higher affinity with nitrogen than the diamond does and can 
reduce the concentration of nitrogen contained in the diamond crystal than that of the case without the aforesaid nitro- 
gen getter As described in literatures (for example. H. Sumiya and S. Satoh. Diam. Related Matter., Vol.5. 
p.1359(1996)), the nitrogen getters are specified as Al. Ti, Zr. etc. 

[0035] If the diamond crystal is grown by the high-temperature and high-pressure method witiiout adding the nitro- 
55 gen getter, a grown crystal contains nitrogen far in excess of 1 0 ppm. On tiie contrary, if a nitrogen getter is used, nitro- 
gen can be reduced to no more than 10 ppm. When using the diamond fabricated using the nitrogen getter, the current 
injection-type light-emitting device is constructed, the device exhibits the free exciton recombination radiation with a suf- 
ficient intensity. Similar result can also be obtained with the diamond fabricated with the addition of boron. 
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mond. it is often the case that thefree exdton r«^nl^!«. constructed using such a dia- 

contan a large amount of th^JS^SfeTiS^aS^^ 

free exciton recombination radiaXn when the ^rrent 1?^ ert^ ^ ^«>it the 

Sglhe f.u'^rrer^^ergSS^Inl^^^^^ ^'"^^i^-ure method 

dopant and the lattice defect coScentration Je LT^ fte dili^^ 2 °* '"^"^"V other than the 
high volume. un are low ana the diamond with the same quality can be manufactured in a 
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iSctor2'n::rKrsrsrret^^^^^ 

inedtoprovkleacurrentinjection-^l';^^^S^^^ 

emission", that is. a mechanism ^her^ S^^^^^^'^'Z?^'"^ '^T"?* ^-^'^ "boron-originated 

by doping boron. In other wo«ls. conSnti^airtheTnl^^^ '"'^"^'^^ "^'^^ ^^-^^t^^- 

therefore even the pereons skilled intheartT^Lr hLZT ^""^ ^^^^ a«ention, and 

trolling the conductivity of the cr^^ t^t Jc^r'ot h^l?^^^^^^ °' determining the amount of dopant for con- 

[0039] Contrary to the conventional id^ tl^ f '^"^^^^ emission, 

boron for inproving'the e.^cTo^du'X'is j^^^^^^ "PPe^ of the concentration of 

sity is suppressed to a permissible io^ i^JZ^l^Z'^J"^.'^'^.^^^^ emission inten- 

light-emitting device in which an err^ssio7n^^TlT°ZZf7 ^ "^"^"^ injection-type diamond ultraviolet 
of the investigation, the present inventors ^tS^Z^Z^^l^^lT"'^ ""f °"" ^ « 

ally to control the conductivity of the diamond bw>n di^ nS hi-^i^^^f J^^^ ^ 

doped to a relatively high concentration "^"^"^ ^"''ssion even when boron was 

driedlTyrpul^it m'^^^^^ ^'f- an eff«:tive acceptor concentration 

Cherento. H.M. Strong and R.E. Tuft. Phil l5ag Vol 23 oi\m^T°" spectroscopy at room temperature (R.M. 
total concentration of boron in the cry^l v.as misure^ fte ^ '''^^^^ *e 

centration of boron including boron7hat is iS^fas Se aiSL^^n^"^^^^^ SIMS method, the total con- 

acceptor level approximately 350 meV above from the ,«ler^SLi^l measured^Boron in the diamond creates an 
temperature and function as acceptors. TheXTSfe^Sil^^ ^*'^**^^^^ 

the total concentration of boron. ® ®^®'*^^^^®^<*«P'"<»"ce"»raBon of boron becomes smaller ft^ 

(Evaluation method of the diamond crystal) 

(1) Evaluation by the photoluminescence spectroscopy 
(S) Evaluation Ihrog* Ftaiiian seanertro sp«clroscopy 
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scattering. Raman scattering spectroscopy is a sample evaluation method where by analyzing spectrum of the radiated 
light (scattering light), information concerning lattice defects, stress, impurities is obtained. 

[0045] In the diamond crystal, an intrinsic Reman scattering peak emerges at 1332 cm"^ to 1333 cm'^ The full 
width at half maximum of the peak is sensitive especially to the lattice defect concentration and the nitrogen concentra- 
5 tion and useful to evaluate the crystal to be used for the ultraviolet light-emitting device which employs the recombina- 
tion radiation of free excitons excited by the Injection of current as a main emission mechanism. This Raman scattering 
spectroscopy can be used for the selection of the diamond crystals that are to be used as the ultraviolet light-emitting 
device to construct the current Injection-type diannond ultraviolet light-emitting device. 

10 (Carbon isotope effect) 

[0046] By altering the isotope composition ratio, wavelength tuning of the free exciton recombination radiation can 
be achieved. For example, in the current injection-type diamond ultraviolet light-emitting device with the use of the dia- 
mond In which ^^C concentration is increased up to 99 % apart from the normal diamond having natural isotopic ratio, 
IS the emission wavelength can be shortened by approximately 1 nm and thus shorter wavelength light-emitting device 
can be realized. 

(Examination of the growth sectors) 

20 [0047] A typical cross-sectional distribution of the growth sectors of the diamond crystal fabricated by the high>tem- 
perature and high-pressure synthetic method is shown in Fig. 1 B. As shown in this figure, the {100} growth sector and 
the {1 1 1} growth sector exist from the vicinity of a center of the under surface of the crystal to respective planes radially, 
respectively. It is known that, since the { 1 00} growth sector has lower concentratbn of impurities and lattice defects than 
other growth sectors and provides a high-quality diamond, the {100} growth sector is advantageous than the {111} 

25 growth sector. In the light of this fact, it is preferable to adopt the diamond crystal having the {100} growth sector for the 
current injection-type diamond ultraviolet light-emitting device according to the present invention. However, the present 
invention is not limited within the diamond having the {100} growth sector. 

(Surfece conductor layer) 

30 

[0048] A conductor layer can be provided on the surface of the diamond crystal as an electric conductive mecha- 
nism. For example, it is known that there exists an electric conductor layer having relatively high conductivity in the vicin- 
ity of the sur^ce of a dianwnd thin film synthesized by the CVD method after hydrogen-termination. This conductor 
layer emerges after the diamond crystal is exposed to hydrogen plasma and exhibits p-type conduction. Further, elec- 

35 trical and optical characteristics of the diamond thin film after being hydrogen-terminated were evaluated by. for exam- 
ple, CL spectroscopy (Hayashi et al., NEW DIAMOND, Vol.13. No. 3, pp.7-13(1997)). However, a current injection-type 
diamond ultraviolet light-emitting device has not been reported so far that uses a surface conductor layer which is 
obtained by performing hydrogen-terminated on a diamond crystal surface that has not been doped with a dopant inten- 
tionally nor includes impurities. The inventors of the present invention have obtained a finding that, since such a current 

40 injection-type diamond ultraviolet light-emitting device employs free exciton emission intrinsic to the diamond (that is, 
not dependent on the impurities nor lattice defects) as an emission mechanism, a surface hydrogen-terminated conduc- 
tor layer can be used as a conduction mechanism even In the case of a non-doped high-pressure crystal. Such a con- 
duction mechanism is most advantageous in terms of the internal efficiency of tiie free exciton radiation (a ratio of the 
radiation energy to an energy amount injected into the crystal) because the crystal is not doped with a dopant (boron). 

45 [0049] In the following, concrete embodiments of the current injection-type diamond ultraviolet light-emitting device 
according to the present invention will be described. 

< EmtxKliment 1 > 

50 [0050] A configuration of tiie current injection-type diamond ultraviolet light-emitting device according to the present 
invention is shown in Fig. 2. 

[0051] In this figure, the current injection-type diamond ultraviolet light-emitting device is constructed witii a dia- 
mond crystal 1 0 of a p-type semiconductor doped with tx>ron, and an electrode 1 2 and an electrode 1 3 which sandwich 
the aforesaid diamond crystal 10. Further, these electrode 12 and 13 are made of Ag and connected to the external 
55 power supply 16 via wiring 14 and 15. In this figure, current injection-type diamond ultraviolet light-emitting device is 
configured in such a way that electrons are injected from the electrode 13 into the diamond crystal 10 and holes and 
free excitons are created in the diamond crystal 10. Further, since this diamond crystal 10 is of high-quality as will be 
desaibed later, the corKentrations of lattice defects and impurities are low and hence free excitons can combine with 



7 



BNSDOCID: <EP 1043916A1J_> 



IS 



20 



25 



30 



3S 



EP 1043 916 A1 

l^T^''^ " ^"^ recombination radiation can be achieved 

rS in th^foiSS^iSi'er ^m-eamng device comprising such a conf ^urafion was lab- 

the pressure approximately 6 3 GPa omv^h«mr^o ® ^ "^'^ temperature was approximately 1450'>C. 

that a growth ^ectiol^iS^^i w^" [oor^n or^eMo „ J^^^^ insLa^ 
p-type semiconductor, boron of a^proiXely ^00 ^T^^'^'^'^'^ '^^^"^ «>"-«rt « '"to ^ 

a light blue colored single crystXvina? 001 a«^^ 

{Sin.hr^^rfoi^™p^^^^^^^^^ 

sim„ar,ythrougi^.eintrareil'^^^^^^ 

bound excitons and their pholn XbandL i^^ftf T' °" ^ **^^«^«««^'naton radiation of the free excitons and the 
region were observed. A iarnteSj^^ro ^^f,^^^^^^ f^^!?^. ^ f « "^-^ emission in the vislbte 
temperature was approximately 0 2 higher than 0 1 -adation to the visible emission at room 

1333 cm-^ Conskier^g the reJ^lJir^Z^u^^^^^ 

was smaller than 1 .9 cm'^ ®* maximum was 1 .7 cm"', which 

JS. atthramrrcren^Lrnr^n^^^ -m tenpe^turer^^rr^vvas Nected. As a 

An emission spectrum atTS, em ^TmA rsh^" '^fT^T '^'"'^ *° ^ 

present embodiment, the boronTriglnJeJ^ei^sJo?^^^^^ 'Sf " ♦^'^ device of the 

remain as a side phenomenon ^.S^m Zt^Tenor^^^^^ 238 nm ^elength was observed, but its emission 
a dominant emisston and the rs^ ^^^nJtoSS^sSX^" ^"^2 ^«»"*>'™«o" 'adiafon is 
sity is sufficiently large. '°'"®™""®'*a«*>"«' to be twice or more. Besides, the emission inten- 

.re«wasc<.im,«,Ltthe.eerHo=tSrr=-w~ 
(Embodiment 2-6 > 



40 



45 



So,Em£;STe"S^^ 

1 6.0 and 37.8 ppm and e^ch eJSSJSS^Ta^nS^^cSiSnil^ '° ° 

imerrts 2, 3, 4. 5 and 6. resp^HvSy. ® ^ 



(Embodiment 7) 
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?^ce^cco^„rj;^X^.t:Z 

in the figure, numeral 1 denotes a diai^ond c^Sl ■ a hv^i^.^! ""^ ^^"^^ "^'S 5A. 

3 a Cr electrode, and 4 a Au electrode hydrogen-terminated surface conductor layer. 2 an electrode. 

" Sfabn'^tXth^^h^i^r.raSS^^^^^^^ 
nit«,gen getter. FurtL. theUcTnS^Ton o'r^^^^^ 

centration ratio was '^C- i3c=99-i To th^ ^^^^ ^ Z ,^2^^^^* "^^^ ° "' <»*on isotope con- 

perfomied by microwave plSi^CVD ^uipmSlhSS^^ '^f' '^'°9en-terminatlon treatment was 
600W. ahydrogenflowrateof 5O0 Sm T^Z^^^^'Jo^'^J^^Z'l^ ^ ^^Tl^ °"«P"t of 

time of 30 minutes. Subsequently. Au/Cr electrSes^iJ^dl^rS"^ irS^ 

crystal surface by photdHhograpiy. with a pS^?oo ^ "^"^^ « diamond 
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(Embodiment 8) 

[0064] Setting the dosage of the nitrogen getter down to one fifth of that of Embodiment 7 while other conditions 
than this were kept unchanged as specified in Embodiment 7, the current Injection-type diamond ultraviolet light-emit- 
5 ting device having a 1 ppm concentration of nitrogen was fabricated. 

(Embodiments) 

[0065] Setting the dosage of the nitrogen getter to be one fiftieth of that of Embodiments 7 while other conditions 
70 than this were kept unchanged as specified in Embodiment 7, the current Injection-type diamond ultraviolet light-emit- 
ting device having a 10 ppm concentration of nitrogen was fabricated. 

(Embodiment 10) 

IS [0066] Setting the isotope composition ratio of the diamond crystal to be ""^C; ^^C=1 :1 while other conditions than 
this were kept unchanged as specified in Embodiment 1, the current injection-type diamond ultraviolet light-emitting 
device was fabricated. 

( Embodiment 1 1 ) 

20 

[0067] Setting the isotope composition ratio of the diamond crystal to be ^ ^C: ^ ^C= 1 :99 while other conditions than 
this were kept unchanged as specified in Embodiment 1. the current injection-type diamond ultraviolet light-emitting 
device was fabricated. 

25 ( Embodiment 1 2 ) 

[0068] In the above-described Embodiment 1 through Embodiment 11 . the {1 00} growth sector of the diamond was 
used. However. In this embodiment, the cunrent injection-type diamond ultraviolet light-emitting device with the use of 
the {111} sector was fabricated. 

30 

(Embodiment 13) 

[0069] When febricating the cunrent Injection-type diamond ultraviolet light-emitting device In the same manner as 
that of Emkx)diment 1 . the concentration of boron of the diamond crystal was set to be 1 .5 x 10^^ atoms/cm^ as meas- 
35 ured by the SIMS method. 

( Comparative example 1 ) 

[0070] In this comparative exanrple, the diamond was synthesized without adding the nitrogen getter so as to have 
40 a 40 ppm concentration of nitrogen while other conditions than this were kept unchanged as specified in Embodiment 1 . 

( Comparative example 2 ) 

[0071] In this comparative example, using a non-colored natural diamond crystal in stead of the synthetic diamond 
45 crystal which were used for Embodiment 1 . the current injection-type light-emitting device comprising a diamond crystal 
having a 1 .200 ppm concentration of nitrogen was fabricated. 

( Comparative example 3 ) 

so [0072] In this comparative example, the concentration of boron of the diamond crystal was set to be 47.3 ppm while 
other conditions than this were kept unchanged as specified In Embodiment 1 . and the current Injection-type diamond 
light-emitting device was fabricated. 

( Comparative exannples 4 and 5) 

55 

[0073] In these comparative examples, the concentration of boron was set to be 2.5 x lo""^ atoms/cm^ and 7.0 x 
10**^ atoms/cm^ as measured by the SIMS method, respectively, while other conditions than this were kept unchanged 
as specified in Embodiment 1 . and the current injection-type diamond light-emitting device was fabricated. 
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S^im^XlTETj^^^TT i'T°"^ «9M-«niitting devices fabricated in the aboveKJesaibed 



manner 

examples 1 through 5) as samples, high-quality proper- 



{1)Examination of the concentration of nitrogen 



[00751 

injection 



Of rjr^St^^S. in?r r °* "^-^^ *e free exciton recombnation radiation by 



the 



10 



15 



20 



Table 1 



Sample 


Concentration of nitro- 
gen in diamond crystal 
(ppm) 


Existence/non-existence of 
free exciton recombination 
radiation in current injection 


Embodiment 7 


0.1 


Existence 


Embodiment 8 


1.0 


Existence 


Entfjodiment 9 


10.0 


Existence 


Comparative example 1 


40 


Non-existence 


Comparative example 2 


1.200 


Non-existence 



rent was injected. recomb.nat.on rad.at.on was not substantially observable when the cur- 

(2) Examination on the evaluation method of the diamond crystal by photoluminescence 

i°r?etter ""^^^^ rriTS?"t'r^ ' high-temperature and high-pressure method using the nitro- 
SetwSen the rSSo?r?itr;^oleT^m?sJm intenSvt T*"" example 2). the relationship 

trum and the free exciton reS^SnS^^ Sia?^^ '^^ photoluminescence spec 

trum Of each sample ws^ mSTur^Lt r<S^ ^ "njecfton of current was examined. Photoluminescence spec- 
213 nm, as eSSlgrre^eS^^U^^^'^^^ ^ ^"^^ <" « Nd.YAG laser (wavelen^ of 



30 



35 



40 



45 



50 



55 



Table 2 



Sanple 


Ratio of peak intensities of free exciton 

recombination radiation to visible 
region emission in photoluminescence 


Existence/non-existence of 
free exciton recomt>ination 
radiation in current injection 


Emtxjdiment 7 


200 


Existence 


Emtxxliment 1 


0.2 


Existence 


Embodiment 2 


18 


Existence 


Comparative exanpie 2 


0.05 


Non-existence 
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(3) Examination on evaluation method of the diamond crystal through Raman scattering spectroscopy. 

[0079] Using diamond crystals fabricated by the high-temperature and high-pressure method with the use of the 
nitrogen getter (Embodiments 1 and 7, the comparative examples 1 and 2). the relationship of the full width at half max- 
5 imum of the Raman scattering peak intrinsic to the diamond and the free exciton recombination radiation by the injec- 
tion of current was investigated through the Raman spectrum measurement of each sanple excited by Ar"^ laser 
(wavelength of approximately 514.5 nm). The resolution of an apparatus used for this measurement was set to have a 
sufficiently high resolution so as not to affect the shape of the Raman scattering peak intrinsic to the diamond. 

10 

Table 3 



Sample 


FWHM of scattering peak 
intrinsic to diamond in Raman 
scattering spectroscopy (cm*^) 


Existence/non-existence of 
free exciton recombination 
radiation in current injection 


Embodiment 7 


1.5 


Existence 


Embodiment 1 


1.7 


Existence 


Comparative example 2 


2.3 


Non-existence 


Comparative example 1 


2.0 


Non-existence 



[0080] As can be understood from the Table 3, using the diamond crystal whose full width at half maximum of the 
intrinsic peak in Raman scattering spectroscopy is no more than 1.9 cm'\ the current injection-type light-emitting 
2S device that has a sufficient free exciton recombination radiation intensity was able to be fabricated. However, in the cur- 
rent injection-type light-emitting device which was fabricated using a crystal having the full width at half maximumm no 
less than approximately 2.0 cm'\ sufficient emission by the free exciton recombination was not observed. 

(4) Examination of the concentration of boron through the infrared spectroscopy 

30 

[0081] On the current injection-type diamond ultraviolet light-emitting devices of Embodiments 1 to 6 and the com- 
parative exanple 3. the amount of boron was determined based on the intensities of absorption peaks at 1 .280 cm'** 
and 2.800 cm'^ caused by boron in the diamond crystal using a microscopic Fourier transform infrared spectrophotom- 
eter (Janssen Micro FTIR Spectrometer, JASCO Corporation). This method determined the amount of boron that con- 
35 tributes to the electrical conductivity in the diamond (effective acceptor concentration). The concentrations of boron in 
a tatDle indicated below presents these measured values, not indicating the dosage of boron to a raw material carbon 
source. 



Table 4 



Sample 


Concentration of boron 
(ppm) 


Existence/non-existence of 
free exciton recombination 
radiation in current injection 


Embodiment 1 


4.0 


Existence 


Embodiment 2 


0.4 


Existence 


Embodiment 3 


1.40 


Existence 


Embodiment 4 


8.90 


Existence 


Embodiment 5 


16.0 


Existence 


Embodiment 6 


37.8 


Existence 


Comparative example 3 


47.3 


Non-existence 



55 

[0082] As is evident from the above-indicated table 4, an upper limit of the boron content that eiables the free exci- 
ton recombination radiation by the injection of current is considered to be approximately 40 ppm. Therefore, to deter- 
mine the upper limit of the concentration of boron more accurately, with respect to a boundary concentration region 
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mS"as'^ma^ i^'* comparative example 3. the concentration of boron «es measured through the SIMS 
method as Embod-merrt 13. a comparatve example 4. and a comparative example 5. The results are shol in Table 5. 



Tables 



10 



Sample 


Concentration of tjoron 
measured by SIMS 
method (atoms/cm^) 


Existence/non-existence of 
free exciton recombination 
radiation in current injection 


En^>odiment 13 


1-5 X 10^3 


Existence 


Comparative example 4 


2.5 X 10^^ 


Non-existence 


Comparative example 5 


7.0 X 10^9 


Non-existence 



ff^ n..^ is evwent from these results, the upper limit of the total boron content that enables the free exciton 
recombination radiation by the injection of current is 2 x lo'^ atoms/cm^. 

(5) Examination of the carlMn isotope conposition ratio 

iSn of I^^"* ^ "^"^ ^ recombination radiation that arises from excitation by the 

^^S^ne^T^TIStTr^^^^^ light-emitting device of Embodiments 7. 10. and 1? 

were obtained. The results are shown in Rg. 6 and Table 6 below. . « u 1 1 



25 



30 



Table 6 



40 



45 



SO 



55 



Sample 


Isotope conrposition ratio 


Main peak position off 
free exciton recombina- 
tion radiation (nm) 


Embodiment 7 


Natural abundance ratio (''^C99%, ""^01%) 


235.1 


Embodiment 10 


^^C : = 1:1 (i^C50%. ^^C50%) 


234.8 


Embodiment 1 1 


^^C r^Cl%, 13099%) 


234.4 



^ SSfif L evidently from this table 6. the emission wavelength can be controlled within a wavelenoth 

width of around Irun or so by altering the isotope composition ratio of the diamond. ^ ««^e'ength 

(6) Examination of the growth sectors 

S^L J^^*\°°i?''"^ °* ^ high-pressure synthetic crystal is known to have low concentrations of imouri- 

geous in Terms of the tree exciton emission intensity. 

^«'^*°"ship between the growth sector and a current injection emission spectrum in the dia- 

JJ^^sS^XS^Frrt.^:':^^ """^ "^^■^'"^^■"^ °* Emb<x,iment?:rEn:S,Srm n. 

eL^fen^S 2S nZLTr^ P T '^^^"^ sectors exhibrted free exciton recombination 

Tr«?l !f nm wavelength. For this case, the ratio of the free exciton recombination emission Intensity to the 

(7) Examination of the surface electric conductor layer 

^^Lm/-°' L'I ^ emission spectrum when the current injection-type diamond ultraviolet lioht- 

em.tt.ng device of E|rt^^ 

dent when comparing the em.ssion spectrym of Fig. 7 with the emission spectrum of Fig 3 no peate orid^iK^^fnJl 
.mpurrties. such as the 238 nm wavelength peak etc.. exist in the uHravioS wa^eng^r'^o^ ^ ^ 



12 



BNSOOCID: <EP 1043916A1J.. 



EP1 043 916 A1 



INDUSTRIAL APPLICABILITY 

[0089] As described rn the foregoing, the current injection-type diamond ultraviolet light-emitting device according 
to the present invention is capable of operating at room temperature and achieving the free exciton recombination radi- 
5 ation due to excitation by the injectbn of current. Further, compared to conventional ultraviolet light-emitting devices 
with the use of luminescent bands that originate in the impurities and/or defects, the current Injection-type diamond 
ultraviolet light-emitting device Is easy to be fabricated to achieve high brightness and higher efficiency and provide 
ultraviolet light of a shorter wavelength. 

10 Claims 

1 . A current injection-type diamond ultraviolet light-emitting device which emits light due to excitation by the Injection 
of current, characterized in that the above-mentioned diamond ultraviolet light-emitting device has a luminescent 
layer conrprising a diamond in which occurs an emission such that the free exciton recombination radiation due to 

15 excitation by the Injection of current is dominant 

2. A current injection-type diamond ultraviolet light-emitting device according to Claim 1, characterized in that the 
above-mentioned emission such that the free exciton reconnbination radiation is dominant is an emission whose 
emission intensity originating in the free exciton recombination is at least twice as large as that originating in the 

20 impurities in the ultraviolet region of wavelengths no more than 300 nm. 

3. A current injection-type diamond ultraviolet light-emitting device according to one claim selected from Claim 1 to 
Claim 2, characterized in that the above-mentioned diamond comprises a diamond which Is toricated by the high- 
temperature and high-pressure method using a flux with an impurity getter added in. 

25 

4. A current injection-type diamond ultraviolet light-emitting device according to Claim 3, characterized in that the 
above-mentioned impurity getter is a nitrogen getter. 

5. A current injection-type diamond ultraviolet light-emitting device according to one claim selected from Claim 1 to 
30 Claim 4. characterized in that the concentration of nitrogen contained in the above-mentioned diamond is no more 

than 10 ppm. 

6. A current injection-type diamond ultraviolet light-emitting device according to one claim selected from Claim 1 to 
Claim 5, characterized in that the above-mentioned diamond is a diamond such that the ratio of tiie peak intensity 

35 of the free exciton recombination radiation to that of tiie visible emission in its photoluminescence spectrum at room 
temperature is more than 0.1 . 

7. A current injection-type diamond ultraviolet light-emitting device according to one claim selected from Claim 1 to 
Claim 5. characterized in tiiat the above-mentioned diamond is a diamond whose full width at half maximum of the 

40 Raman scattering peak intrinsic to diamond is no more than 1.9 cm "'. 

8. A current injection-type diamond ultraviolet light-emitting device according to one claim selected from Claim 1 to 
Claim 7, characterized in that the above-mentioned diamond has a given carbon isotope composition ratio. 

45 9. A current injection-type diamond ultraviolet light-emitting device according to Claim 8. characterized in that the 
above-mentioned given carbon isotope composition ratio, ''^C : ^^C, is in a range of 1 :99 to 99:1. 

10. A current injection-type dianrK>nd ultraviolet light-emitting device according to one claim selected from Claim 1 to 
Claim 9, characterized in that the above-mentioned diamond is a diamond crystal having the {100} growth sector. 

so 

11. A current injection-type diantond ultraviolet light-emitting device according to one claim selected from Claim 1 to 
Claim 10, characterized in that the above-mentioned diamond is a diamond crystal such that an electric conductor 
layer is formed on its surfeice. 

55 12. A cun^ent injection-type diamond ulti-aviolet light-emitting device according to Claim 11. characterized In that tiie 
above-mentioned electrical conductor layer is a layer formed by performing the hydrogen-termination treatinent on 
the dianx>nd crystal. 
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